Despite extensive study, definitive conclusions regarding the relationship between asthma and consumer products remain elusive. Uncertainties reflect the multi-faceted nature of asthma (i.e., contributions of immunologic and non-immunologic mechanisms). Many substances used in consumer products are associated with occupational asthma or asthma-like syndromes. However, risk assessment methods do not adequately predict the potential for consumer product exposures to trigger asthma and related syndromes under lower-level end-user conditions. A decision tree system is required to characterize asthma and respiratory-related hazards associated with consumer products. A system can be built to incorporate the best features of existing guidance, frameworks, and models using a weight-of-evidence (WoE) approach. With this goal in mind, we have evaluated chemical hazard characterization methods for asthma and asthma-like responses. Despite the wealth of information available, current hazard characterization methods do not definitively identify whether a particular ingredient will cause or exacerbate asthma, asthma-like responses, or sensitization of the respiratory tract at lower levels associated with consumer product use. Effective use of hierarchical lines of evidence relies on consideration of the relevance and potency of assays, organization of assays by mode of action, and better assay validation. It is anticipated that the analysis of existing methods will support the development of a refined WoE approach.
Introduction
Approximately 23 million persons in the United States of America, including children, are currently affected by asthma (American Lung Association, 2010) . Due, in part, to the increasing prevalence of this disease, the possible relationship between asthma and exposure to consumer products is gaining public attention and increasingly becoming a research priority. Several reviews have implied that the use of cleaning products in residential and commercial applications may potentially induce or trigger asthma (Jaakkola and Jaakkola, 2006; Nielsen et al., 2007; Quirce and Barranco, 2010; Zock, 2005; Zock et al., 2010; Rosenman et al., 2003) . One response to this concern has been the publication of lists of substances that are known to, or are suspected of, causing asthma (NIH, 2012; AOEC, 2008) .
The efforts to better understand and prevent asthma-inducing chemical exposures benefit public health due to the significant impact these exposures have on the large number of affected patients and potentially susceptible consumers. Asthma is generally defined as a chronic inflammatory disease of the lung (NHLBI, 2007) , in which the airways narrow due to a combination of smooth muscle contraction, inflammatory responses, mucosal edema, and mucus in the lumen of the bronchi and bronchioles (Lemanske and Busse, 2010; NHLBI, 2007) . It commonly presents with intermittent and reversible symptoms of cough, wheeze, dyspnea (shortness of breath), and/or chest tightness (AOEC, 2008) and with wheezing heard on chest exam, and reversible airflow obstruction found on pulmonary function tests. Asthma is a clinical diagnosis but, due to variation in symptom presentation and an absence of asthma-specific tests or biomarkers, it is often difficult to evaluate the link between specific exposures and http://dx.doi.org/10.1016/j.yrtph.2014.06.009 0273-2300/Ó 2014 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/). asthma. Instead, it is commonly necessary to rely on studies that evaluate relationships between exposure and asthma-like symptoms (e.g., cough, wheeze, and dyspnea), although such studies are generally subject to a number of limitations.
Asthma is a complex disease with multiple potential mechanisms of toxicity for both induction and aggravation of pre-existing asthma (see Fig. 1 ). Asthma is associated with pulmonary inflammation, and the mechanism of action (MOA) often, but not always, involves adaptive immunity. This mechanism is generally associated with high-(HMW) or low-molecular-weight (LMW) chemicals that trigger immune responses that are associated with the appearance of IgE and IgE antibodies in the plasma. Occupational asthma to chemicals is sometimes associated with a specific IgE antibody. There has been some debate about the requirement for IgE antibody in the pathogenesis of occupational asthma to chemicals. However, it has been hypothesized that the association between occupational asthma and IgE antibody is somewhat closer than has been claimed previously (Kimber and Dearman, 2002) . Nevertheless, with some chemicals, and in particular with the diisocyanates, it has often proven difficult to find IgE antibody in the serum of symptomatic patients and it might be that other immunological processes are relevant (Mapp et al., 1994 (Mapp et al., , 2005 Walker et al., 1992) . This potential pathway is unknown, and there is still uncertainty whether sensitization (i.e., hyperresponsiveness) of the respiratory tract can be achieved properly in the absence of IgE. Moreover, it is important ro recognize that some chemicals are associated with asthma responses in the absence of an immunological response. Thus, for instance, a single exposure to high concentrations of chemical irritants (e.g., hydrogen chloride) can cause an asthma-like condition called reactive airways dysfunction syndrome (RADS), which is non-immunologically mediated. RADS symptoms occur within hours of the initial exposure and may continue as non-specific bronchial hyper-responsiveness for extended durations (Bernstein, 1993) . More recently, the hypothesis that low level, longer-term exposure to irritants may also induce asthma or an asthma-like syndrome called low-intensity chronic exposure dysfunction syndrome (LICEDS) is gaining acceptance (Baur et al., 2012) . This complex mixture of biological mechanisms makes the prediction and characterization of causal relationships between exposure and asthma very challenging.
Thus, there is a need for further evaluation of environmental exposures, especially those linked to household environments and indoor air quality, and their possible association with asthma (ACI, 2012) . To tackle this challenge in a systematic way, many organizations and agencies (e.g., European Union, World Health Organization, Association of Occupational and Environmental Clinics) have developed decision tools for assessing relationships between a specific chemical (or process) and asthma or asthma-like symptoms (e.g., sensitization of the respiratory tract). None of these methods is harmonized; each compiles and integrates diverse lines of evidence from human health effects investigations or toxicology studies in different ways. Moreover, the intended uses and data analysis criteria that support the numerous available hazard classification schemes vary widely, possibly due to a lack of accurate and specific diagnostic and prognostic tools for asthma. Currently, there are no fully validated animal, in vitro, or in silico models that have received widespread acceptance for identifying whether a specific chemical can cause asthma and/or sensitization of the respiratory tract.
From a risk and product safety assessment perspective, a methodology to predict likely causation of asthma would be highly useful, specifically a hazard characterization tool that is welldeveloped and communicated. Determining risks of asthma is difficult since exposure scenarios for consumer products vary greatly and dose-response estimation is complex due to uncertainties about the underlying biology. Nonetheless, a hazard characterization framework can be used to provide an informed approach for risk management and for protecting against and limiting exposure to chemicals thought to cause asthma. A significant challenge for developing a hazard characterization framework is creating a highly integrated approach that considers both immunologic and non-immunologic mechanisms of the induction of asthma, and can accommodate the various types of studies and alternative lines of evidence that might be available for such diverse toxicity mechanisms.
In this manuscript, we review and critically evaluate multiple hazard characterization frameworks and consider how in vivo, in vitro, and in silico models can be used for characterizing asthma hazards. The goal of this work is to identify the aspects of currently available systems that are most effective for evaluating asthma hazards, and/or effects that are related to the induction of asthma (including, importantly, sensitization of the respiratory tract), with the intent of building a novel, WoE-based hazard characterization tool for determining asthma-specific risk.
Methods
We identified multiple hazard characterization frameworks and guidelines that provide methods for evaluating and determining the potential of a chemical or product to elicit asthma, asthma-like symptoms, and/or respiratory sensitization. Our identification drew heavily from the NIH-sponsored report on asthma (NHLBI, 2007) . Frameworks or guideline documents were excluded if they did not: (1) consider asthma or sensitization of the respiratory tract, (2) include multiple lines of evidence for evaluating the potential to cause or exacerbate asthma, and/or (3) provide a decision method for identifying chemicals that may increase the risk of asthma. By including only frameworks with a documented decision process or rationale, we have chosen not to include resources from agencies or organizations that provide only a list of suspect chemicals or substances. Many of these excluded resources were originally considered for this project because they were cited in the NIH-sponsored report on asthma and chemicals in consumer products (NHLBI, 2007) . The included frameworks were evaluated by a panel of experts using a peer consultation approach.
Results

Defining asthma, and other related terms
The definition of asthma varies among organizations dealing with public health and asthma-related research (Table 1) . Although there are different definitions for asthma, those proposed by each organization reflect their intended context and purpose as used by that organization (see Fig. 2 ). Thus, a single consensus definition is not needed because what is most important is to clarify how one defines asthma in the specific use context for each organization. However, for risk and safety assessment tool development, defining a common language to describe, recognize, and assess particular health effects would drastically reduce confusion and allow for accurate and appropriate evaluation of hazard.
In addition to the lack of harmonization around the definition of asthma, there are multiple other key terms related to asthma that have many different implications and can cause confusion among the scientific, medical, and lay communities (see Table 2 ). For the purposes of this manuscript, it is important to note that sensitization of the respiratory tract is not equivalent to asthma, although it shares some symptoms and is likely related to asthma; asthma may be one result of allergic sensitization of the respiratory tract, but sensitization of the respiratory tract does not necessarily result in asthma (i.e., about 40% of individuals with allergic rhinitis also have asthma, and about 94% of patients with allergic asthma have allergic rhinitis; Bergeron and Hamid, 2005) . Overall, it is recommended that precise language be used and terms be clearly defined for each application, while noting the value of flexibility of needs for communicating to different audiences.
Hazard characterization frameworks for evaluating asthma
A concise summary of findings from the analysis of frameworks for evaluating asthma or asthma-like symptoms (e.g., sensitization of the respiratory tract) is shown in Table 3 ; this highlights features of the frameworks that are used for characterizing hazard. Table 4 summarizes the endpoints that are evaluated within each framework. Each framework is described in more detail in the following sections.
AOEC (Association of Occupational and Environmental Clinics)
The AOEC Exposure Code List is a list of chemicals with potential to cause and/or exacerbate asthma; it is intended to identify substances that may cause de novo cases of asthma, not just response elicitation, based on both the sensitizing and non-sensitizing, or irritant (e.g., RADS), causes of asthma (Hunting and McDonald, 1995) . Of the large number of substances identified, only approximately 60 substances were reviewed using the specific criteria established by AOEC (2008) . The AOEC method uses a WoE approach to determine possible causality; one positive response is not sufficient to associate a product or chemical with asthma. However, it is limited by its focus on occupational exposures. Many of the chemicals included in its analyses and lists are also used within the home and/or by the general public. Due to differences in exposure scenarios, workers may exhibit asthmatic responses in relationship to occupational exposures of chemicals that may not be relevant exposures for consumers. Moreover, the approach does not take animal toxicology data into consideration; instead, the AOEC approach was intended for patient diagnosis and relies on human effects information. The absence of animal data use limits the number of substances that can meet the AOEC criteria since most chemicals lack clinical or epidemiology studies.
TERA (Toxicology Excellence for Risk Assessment) (2014)
This framework considers three endpoints: asthma, respiratory tract irritation, and sensitization of the respiratory tract. Each endpoint is assigned a category based on the likelihood that a chemical causes that effect, which in turn is based on the WoE available. The purpose of these categories is to prioritize chemicals by their likelihood to potentially cause and/or exacerbate asthma recognizing the possibility that multiple toxic mechanisms might be relevant. Data from standard, non-respiratory irritation protocols (e.g., skin, ocular, and in vitro) are also evaluated. Respiratory sensitization is categorized as either present or absent in this WoE approach because there is no current consensus method for determining relative sensitizing potency. This approach also includes a data hierarchy that accounts for test species, exposure route, study quality, and endpoint relevance.
Depending on the outcome of the WoE evaluations for each individual endpoint, a decision matrix is used to categorize the likelihood that a chemical will cause and/or exacerbate asthma.
World health organization/international programme on chemical safety
The WHO/IPCS approach provides guidelines for assessing immune suppression, immunostimulation, sensitization and allergic response, and autoimmunity and autoimmune disease. This guidance recommends use of a WoE approach for determining respiratory and skin sensitization and allergy risk (shown in Figures. 6.2 A and B of IPCS, 2012) ; this approach requires the presence of a dose-response relationship and biological plausibility to determine causality. The framework is not, however, specific to asthma. Human data are weighted more heavily than data from animal studies, with clinical studies having a greater weight than observational studies (e.g., cohort, case-control, and cross-sectional studies); case-reports are considered supporting evidence. Selgrade et al., 2012) . The guidance is specific for sensitization, and does not address asthma that is not associated with immune or allergic responses. Only key human studies can be used to classify a substance as a respiratory sensitizer without building a WoE argument. The guidance describes how to determine whether human data are of sufficient quality to support classification as a sensitizer. If good quality human data are not available, weaker human data, data from animal studies, and structure activity relationships may all be used to build a WoE assessment.
Globally harmonized system
GHS is used and incorporated into the hazard characterization approaches of many international organizations and regulatory agencies. This system provides a clear approach for determining both respiratory sensitization and irritation, relying heavily on a WoE approach. Data types are clearly prioritized and there are requirements for meeting a minimum standard for determining causality. Immunological mechanisms do not have to be evident in order to assign a respiratory sensitizer classification. However, this approach does not assess asthma, specifically, and instead allows investigators to make an assumption on the potential of a substance to cause and/or exacerbate asthma based on respiratory sensitization and irritation alone.
Critical review of the multiple frameworks on asthma hazard characterization
A summary of the advantages and disadvantages from each framework is shown in Table 5 . There is no single, currently-existing framework that can be directly adopted or readily modified for effectively characterizing the asthma hazard of substances with an unknown potential for causing asthma. Rather, different features of multiple frameworks could be combined to create an improved approach with additional refinement.
Discussion
We analyzed the landscape of methods used to assess and communicate potential hazards related to asthma responses and chemical exposures. The analysis centered on a critical examination of existing hazard characterization methods. Although none of the methods cover all aspects of asthma response, highlighting elements of existing methods clarifies the intent of the individual methods and enables informed safety assessment decisions. One clear finding from our analysis is that a highly-predictive model for asthma hazard characterization needs to be nimble to account for the complexities of the asthma response. Key features of a robust approach for evaluating asthma safety include: a clear description of the scope and purpose of the assessment, consideration of exposure (extent, duration, and pertinent routes) and relevance to consumer product scenarios, a nuanced approach to the mode of action testing for asthma induction and elicitation (e.g., allergic versus non-allergic asthma), and a well-documented WoE process to organize data in a hierarchical manner (Fig. 3) .
Two key elements of this overall framework that are particularly complex for hazard characterization of asthma are defining the mode of action (MOA) (because of the biological complexity of asthma) and developing a rigorous WoE approach (because of limitations in data, assays, and predictive models).
The complication of an MOA-centered approach is of special importance for asthma, as no single assay can identify with certainty the potential of a chemical to induce asthma or verify the original cause of asthma once it has developed. Even if we limit a hazard characterization method to a specific MOA (e.g., sensitization of the respiratory tract), it is difficult to identify the defining characteristics of the chemicals that cause symptoms related to asthma. To the degree that the MOA hypothesis can be narrowed, the overall WoE can reflect this prior knowledge, and give greater (2013) Asthma attacks all age groups but often starts in childhood. It is a disease characterized by recurrent attacks of breathlessness and wheezing, which vary in severity and frequency from person to person. In an individual, they may occur from hour to hour and day to day. This condition is due to inflammation of the air passages in the lungs and affects the sensitivity of the nerve endings in the airways so they become easily irritated. In an attack, the lining of the passages swell causing the airways to narrow and reducing the flow of air in and out of the lungs http://www.who.int/respiratory/asthma/ definition/en/ Fig. 2 . The definition of asthma varies across disciplines of public health. Although each of these definitions is accurate within a narrow context, they can cause confusion as they are not comprehensive to all stakeholders and do not describe the full range of characteristics that define ''asthma''. It is important to clearly define what is meant by the term ''asthma'', as well as other key terms, when developing a hazard characterization tool.
Table 2
A list of terms related to asthma that are not clearly or consistently defined and may lead to confusion in the evaluation and hazard identification of exposures that may cause asthma.
Term Reasons why a harmonized and/or clarified definition is needed
Irritant-induced asthma (IIA) This term is often used to describe non-sensitizing causes of asthma (e.g., RADS). However, there may be multiple modes of action for non-immunologically based asthma. An alternative definition might be the development of asthma via mechanisms other than allergic sensitization Reactive airways dysfunction syndrome (RADS)
This term does not fit the classic definition of asthma, which includes chronic inflammation. It is instead an irritantinduced syndrome caused by a single heavy irritant inhalation exposure. Additionally, RADS may not result in chronic disease and lung remodeling Asthma induction This term is often used to identify the initial sensitizing phase of asthma but can be misconstrued to represent the trigger, or induction, of an asthma attack Asthma elicitation This term often is used to describe the events that lead to the onset of asthma symptoms in a person with preexisting asthma Asthma trigger This term is non-specific, but implies exacerbation of pre-existing disease following exposure to another stressor (that may not be chemical in nature) Asthmagen This term is overly vague and cannot capture whether an exposure causes new-onset asthma or triggers an asthmatic response in a person with pre-existing asthma. When used, the reader should closely consider the context Respiratory sensitizer
The term respiratory sensitizer is ambiguous and implies that a substance is only acting via the respiratory tract. Some dermal exposures may also lead to sensitization of the respiratory tract Asthmagenic potential This term indicates the potential to induce asthma by any mechanism, but this is not very informative. As with the term ''asthmagen'', it is not clear whether this refers to the potential for inducing asthma or triggering pre-existing disease Table 3 Assessment of common features from weight-of-evidence frameworks for evaluating asthma.
importance to lines of evidence concordant with the most likely MOA. However, heterogeneity of the many biological mechanisms (Fig. 1) increases the difficulty of identifying key events in the MOA and limits validation of a single predictive test or test battery for asthma. The end result is a heavy reliance on the WoE approach using diverse data inputs for hazard characterization. The application of WoE approaches to consumer product exposures and asthma is often heavily subjective, may not be transparent (i.e., decision rules are not clear), and may yield very different results depending on the organization and/or individual doing the assessment. To address these limitations, more formalized and systematic approaches for determining WoE (e.g., hypothesis-based weight of evidence methods) are gaining popularity for communicating uncertainties or gaps in the available data and organizing and evaluating information (Linkov et al., 2009; Rhomberg et al., 2013) .
One particular complication in applying the WoE approach for asthma hazard characterization is the need to make decisions when faced with uncertainty regarding the predictive power of the types of evidence (assays) that are most commonly available. The use of dermal sensitization assays is one complication for predicting the potential for sensitization of the respiratory tract. Although some skin sensitizers have been shown to also cause respiratory sensitization (Arts et al., 2008) and the induction phase of allergy is generally similar for both types of allergic response (Arts and Kuper, 2007) , this is not true for all low molecular weight sensitizers or high molecular weight sensitizers or allergens that cannot pass through the skin (Andersson et al., 2011) . Identification of irritant potential for prediction of asthma faces similar data challenges as for sensitization. These include evaluating multiple complex mechanisms, extrapolation across routes and test species, and interpreting human response data (Doty et al., 2004; Dalton, 2001) . Due to these complications, significant assay development for evaluation of relationships between chemical exposures and asthma is ongoing using metrics such as genomics (Vandebriel and van Loveren, 2010) , fractional nitric oxide in exhaled breath (Dweik et al., 2011; Barath et al., 2013; Donohue and Jain, 2013) , ovalbumin challenge models (Caceres et al., 2009) , and bronchoalveolar lavage (BAL) fluid evaluation and peptide release, as well as neurokinins of inflammatory release, and contractility of the airways in precision cut lung slices (Sanderson, 2011; Switalla et al., 2010) .
A systematic process to decide which of the various laboratory animal models/assays to use in supporting conclusions about asthma hazard characterization systems should be employed. Some key considerations in rating the utility of an assay include: (1) recognition by a consensus body as predictive of asthma; (2) empirical validation of the model/assay; (3) direct or indirect measure of respiratory sensitization or irritation; (4) evaluation of responses in the model or assay that are specific to asthma, respiration sensitization, or irritation; (5) inclusion of multiple measures (to test internal consistency); and (6) direct assessment of functional responses or their precursors. Developing a weighted score applied to each assay, in the context of asthma, can standardize a WoE approach and make documentation more transparent. Instead of scoring individual tests, it may be more useful to Current systems often rely on ''lines of evidence'' defined by a hierarchical approach with inferred relevance to human responses organized by assay system type (in vivo is better than in vitro, which is better than in silico). Each assay should be considered relative to its predictivity. However, many of these assays do not have specificity or sensitivity information specific to asthma, so predictivity may be impossible to ascertain. Organization of families of assays along mode of action lines may be more informative than other categorization systems. Such an approach recognizes that conclusions about the primary cause of a clinical response will likely reflect an integration of multiple assays that test different aspects of the same MOA pathway. Use of mode of action principles also aids in defining the scope of the asthma assessment (e.g., immunologic versus non-immunological; new-onset versus response elicitation). Current systems often rely on qualitative considerations to support a conclusion. Such decision-making would be strengthened with access to assay validation data (e.g., predictivity measures and data on sensitivity and selectivity) and decision support systems that begin to provide rules that allow for reproducible WoE decisions. Even with such systems, clear documentation of the rationale for decisions would be required.
Conclusion
The analysis of hazard characterization methods in this manuscript provides a guide for the assessment of potential asthma hazards associated with exposures to chemicals present in consumer products. Placing existing methods in the context of their intended uses and documenting their inherent strengths and limitations provides the input to support decision-making and decreases the potential for misinterpretation of the outputs of existing hazard classification schemes. The analysis also serves as a base for the development of new user-specific hazard and risk characterization approaches that integrate elements of various existing systems to meet the needs of specific safety assessment applications. This work is intended as one step in the ongoing goal to develop improved methods for proactive assessment strategies for consumer exposure scenarios.
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